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© Apparatus and method for removmg minute particles from a substrate. 

@ Apparatus for removing small particles from a substrate , 
comprises a source of fluid carbon dioxide, a first orffloa JIG) for 
expanding a portion of the fluid carbon dioxide and flr\o* droplets 
of liquid carbon dioxide, a coalescing chamber (14) for 
converting the first mixture Into a second mixture containing 
gaseous carbon dioxide and larger liquid droplets of carbon 
dioxide, ar second expansion orifice (16) for converting said ' 
second rntcture Into a third mixture containing solid partfctas of 
carbon cSoxide and gaseous carbon dioxide, and a dtver^m 
channel 20 having an exit port arranged to direct mixture toward 
the substrate. In using the apparatus, a source of flu W carbon = 
dioxide having an enthalpy below about 135 BTU per poynd 
(based on an enthalpy of zero at 150 psla for a saturated Qquld) 
Is employed. 
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Description 

APPARATUS AND METHOD FOR REMOVING MINUTE PARTICLES FROM A SUBSTRATE 

The present invention is directed to apparatus and methods for removing minute particles from a substrate 
employing a stream containing solid and gaseous carbon dioxide. The apparatus of the Invention is especially 

5 suited for removing submicron contaminants from semi-conductor substrates. 

The removal of finely particulate surface contamination has been the subject of numerous investigations, 
especially in the semi-conductor industry. Large particles, ie In excess of one micron, are easily removed by 
blowing with a dry nitrogen stream. However, submicron particles are more strongly bound to the substrate 
surface. This is due primarily to electrostatic forces and bonding of the particles by surface layers containing 

10 absrobed water and/or organic compounds. In addition, there is a boundary layer of nearly stagnant gas on the 
surface which is comparatively think in relation to submicron particles. This layer shields submicron particles 
from forces when moving gas streams would otherwise exert on them at greater distances from the surface. 

It is generally believed that the high degree of adhesion of submicron particles to a substrate is due to the 
relatively large surface area of the particles which provides greater contact with the substrate. Since such 

15 particles do not extend far from the surface area and therefore have less surface area exposed to the stream of 
a gas or liquid, they are not easily removed by aerodynamic drag effects as evidenced by studies of the 
movement of sand and other small particles. Bagnoid, R. The Physics of Sand and Desert Dunes , Chapman 
and Hall, London (1966); and Corn, M. "The Adhesion of Solid Particles to Solid Surfaces*, J. Air. Poll. Cart. 
Assoc. Vol 11. No 11 (1961). 

20 The semiconductor industry has employed high pressure liquids alone or In combination with fine bristled 
brushes to remove finely particulate contaminants from semiconductor wafers. While such processes have 
achieved some success In removing contaminants, they are disadvantageous because the brushes scratch 
the substrate surface and the high pressure liquids tend to erode the delicate surfaces and can even generate 
an undesirable electric discharge as noted by Gallo, C. F. and Lama, W C. "Classical Electrostatic Description 

25 of the Work Function and Ionization Energy of Insulators", IEEE Trans. Ind. Appl. Vol 1A-12, No 2 (Jan/Feb 
1 976). Another disadvantage of the brush and high pressure liquid systems is that the liquids can not readily by 
collected after use. 

In accordance with the present invention, a mixture of substantially pure solid and gaseous carbon dioxide 
has been found effective for removal of submicron particles from substrate surfaces without the 

30 disadvantages associated with the above-described brush and high pressure liquid systems. 

More specifically, pure carbon dioxide (99.99 +o/o) is available and can be expanded from the liquid state to 
produce dry Ice snow which van be effectively blown across a surface to remove sumlcron particles without 
scratching the substrate surface. In addition, the carbon dioxide snow vaporizes when exposed to ambient 
temperatures leaving no residue and thereby eliminating the problem of fluid collection. 

35 Ice and dry ice have been described as abrasive cleaners. For example, E J Courts, In US Patent No 
2 699 403, discloses apparatus for producing ice flakes from water for cleaning the exterior surfaces of 
automobiles. U C Walt et al. In US Patent No 3 074 822, disclose apparatus for generating a fluidlzed frozen 
dloxane and dry Ice mixture for cleaning surfaces such as gas turbine blades. Walt et al state that dioxane is 
added to the dry ice because the latter does not evidence good abrasive and solvent action. 

40 More recently, apparatus for making carbon dioxide snow and for directing a solid/gas mixture of carbon 
dioxide to a substrate has been disclosed. Hoenig, Stuart A. The Application of Dry Ice to the Removal of 
Particulates from Optical Apparatus, Spacecraft, Semiconductor Wafers, and Equipment Used in Contaminant 
Free Manufacturing Processes" (Compressed Air Magazine . August 1986. pp 22-25). By this device, liquid 
carbon dioxide is depressurized through a long, cylindrical tube of uniform diameter to produce a solid/gas 

45 carbon dioxide mixture which is then directed to the substrate surface. A concentrically positioned tube is 
used to add a flow of dry nitrogen gas to thereby prevent the build-up of condensation. 

Despite being able to remove some submicron particles, the aforementioned device suffers from several 
disadvantages. For example, the cleaning effect is limited primarily due to the low gas velocity and the flaky and 
fluffy nature of the solid carbon dioxide. In addition, the geometry of the long cylindrical tube makes it difficult 

50 to control the carbon dioxide feed rate and the rate at which the snow stream contacts the substrate surface. 
In accordance with this Invention, there Is provided a new apparatus for removing submicron particles from 
a substrate which overcomes the aforementioned disadvantages. The apparatus of this invention produces a 
solid/gas mixture of carbon dioxide at a controlled flow rate which effectively removes submicron particles 
from a substrate surface. 

55 According to the present invention there is provided apparatus for removing small particles from a substrate 
comprising a source of fluid carbon dioxide under pressure and having an enthalpy of below about 135 BTU 
per pound based on an enthalpy of zero at 160 psia for a saturated liquid, so that a solid fraction will form upon 
expansion of the fluid carbon dioxide to the ambient pressure of said substrate; a first exapanslon means for 
expanding a portion of the fluid carbon dioxide obtained from the source Into a first mixture containing 

60 gaseous carbon dioxide and fine droplets of liquid carbon dioxide; a coalescing means operatively 
communicating with the first expansion means for converting said first mixture into a second mixture 
containing gaseous carbon dioxide and larger liquid droplets of carbon dioxide; a second expansion means 
operatively communicating with the coalescing means for converting said second mixture into a third mixture 
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containing solid particles of carbon dioxide and gaseous car ban o^bxlde^and rrw*erw cxjimiwpoatlng with BaJd 
second expansion means for directing said third rnbcture towBj# the fluhstrai&i ' i " T ' 

The Invention also provides a method for retrieving parties firo^ a ^ 
converting fluid carbon dioxide Into a first mixture of fine droplets c* bacb^dk»4& e^ge^eous caiSpn :-3 
cHoxIde; converting said first mixture into a second, mixture corrtefdpg w$4t dr^Feta^flgSd cajj^oAdlo^m^l 
and gaseous carbon dioxide; converting said second h^bctumjmo a ^Irt^rtfcc^a!© COTtejnlng solid caifcoft ' : - 
dioxide particles and gaseous carbon dioxide; and fctracttng sald tfiird rnlxture; ^ 
said third mixture removes said particles frp^tr^ eut«$mte. \-."*^- ' .],' . -\. 

The present Invention will now be described Sy way of^eXairiple with referenced ^o^ra^tnQ drawing to f 
which; " ^V^' ; ; . S- 

FIGURE 1 is a crose-secttonal elevatibnaJ view of the aroatatus of the jrasent Invention employing a 
neecflevaJve to control the rate of 

FIGURE 2 Is a cross-section eleyationaf view Of another aitiboo5ment M 1 
means for generating a dry nitrogen stream surrounding the Mld/gassoutf i 
the point of contact with the substrate; 'T^~J*fi':. t 
RGURE 3 Is a cross-sectional elevatlooa£ ? ylew af ; .an ernbod^ert^otjtihe 
permits cleaning of a wide area in comparison with ^e v embpcinents sHqw^ ^ 
FIGURE 4 is a top elevatlonal view of the emfeodknent srwrwn In Figure 3. 
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FIGURE 5 Is a cross-sectional elevatlonal view of an emboolment of thp 
utBtzed for cleaning the Inside surface of cytfndHcsfl structures , * 
In the drawings, like reference numerals Indicate like parts. 
Referring to the drawings, and specifically to Flgjure 1, the apparatus 2 of tfy 
fluid carbon dioxide receiving port 4 which la oV?nn$3ted to a ffoW wb#i < 
via connecting means 6. The connecting mearfcs B drtay be a steel relnf ore 
connecting means which enables the fluid caVboh dioxide to fiatii fr^m _ 

There ts also provided a chamber 8 which receives the fluid carbon dfooddeTi 
port 4. The chamber Is connected via a first o^ffc© 10 to a nozzle 1£; the no^ev^illnciudee a 1 coe4aa«{rt^ 
chamber 14, a second orifice 18, and an elBWbrhtepoJut 18 taiT^jjpB^ * "Y 

The first orifice 10 Includes wads 22 which ^aper tscwytf an opening & iWp th4Wm^g'.orWW ; U # ii 
first orifice 10 la dimensioned to deHver aboutty^to 0.76 star^^' c^M'ft^^; :i 
The wlfth of the first orifice 10 Is suitably Q.oSO to 0.050 inch a^-^^'.sjf" 
accelerating the flow of the fluid carbon dtoxjete: iagtti con tri bu^g : to the 
formation of the fine liquid droplets In the coa|efclng ctiamber 14. . 

In one embodiment of the invention as shown h figure 1 , the iirsi <Mg& i 
needle valve 26 having a tapered snout %i^^N^Pi rlrKrvEd^s. C.wH^ln HtH» 
cross^ctlonal area thereof and thereby control fee flow of the fliild 

embocfenerrt, the first orifice 10 may be used atone wtfhout a needle vaj^e. In th4%eventjj the wldtfe^Or dameter- i 
of the orifice 10 Is suitably from about 0.00.1 to about 0.050 inch, the needle yfirfye 26,le pi^nec^howa|<B<, 
because' It provides control of the crews-sectfonsj-sj^a of the f^st orfS^ i^fcs niep^^vta^e, aiSiinavrb^-: 
manipulated by methods customarily employed* In the art, such iae oy 'th^ us^pr remo/l^i^BotronlQ santo:/ , 

The coalescing chamber 14 comprises a rearward sect^vSO] adJacaot the ; ^ :^ 
comrrwftfeating therewith via the opening 24. the coalescing chamber*' ^ ajiso f^lujde^^a. Ipraard! section^Lj]! 
The length of the coalescing chamber Is suitably from about 0.126 to 2.0 lnoha^ f e^ilie tifenwt&r lasuttabl^; - 
from about 0.03 to 0.125 Inch. However, ft should be understood that the dimd^nabrts c^.vs^m ao^x^ t^e ' 
size of the Job, for example, the size of th&*ob]ect to be cteanecL Afthotigh a.pp^atjtrjaQhwbw 
larger diameter will provide denser particles and theiefore greater to 

large a diameter may result In freezing of moisture on 'the suftsfrate -s«rfBioe^ |fW4f .,, 
problem can be alleviated by lowering the ambient humidity. On the other haiT^^^ng a^pllo^o^ Invojyjng. i 
very deBcate substrate surfaces may benefit from employing a $r^ cfian^^ " 

The diameter of the first orifice 10 can vary aft well. However, If tfcfe dteniefef j^^Scm^ tt^^ee4tff!^Utt 
to manufacture by the usual technique of drilling Into bar stock. In geWft^ the, »ndie^eeQtf6ihsi aj^aae of the|rst^ 
orifice 10 and second orifice 16 are less th^ri the crpes-secttonal ajnwi .of *±^m^± *iT5"'« 

The source of carbon dioxide utilized In. this Invention Is a fluid stw^'^Ioh 
pressure above what is known as the "triple point* vyhtefrjls that p^lm wftere 
solid upon removal of heat It will be appreciated fhaf uhlesa the fiu^cartaon i 
will not pass the orifices of the apparatus of : this; Invention. 

The source of carbon dioxide comtemplated herein *ae b\ a liquid steta^ S^ T ,^_ 
thereof, at a pressure of at least the freezing point pressure, or about $b pete jii, pmterably, at least 
300 psla. ■ : ;^;v / ' •} - r , t 

The fluid carbon dioxide must be under sufficient pressure to control the flc^y through, the first ^rtflce i^ 
Typically, the fluid carbon dioxide Is stored at ambient temperaturs at a prsestnie <# f^^bpeut #0p'to 1ffe8 
psla, preferably at about 750 pste. ft Is necessary that ^he enthalpy, of the flul^Oaibdh o30)*ie feed stre-am 
under the above pressures be below about 135 OTtfper pounds baaed on an entKal|y of zerdat 160 p^ia for a 
satuarated liquid. The enthalpy requirement 1s essential regardless of whether #ukl' cwboh cfioxlojgi Is la a 
liquid, gaseous or, more commonly, a mixture, which typically Is predominately i&uW. * the siibjeot i ' 
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is formed of a suitable metal, such as steel or tungsten carbide, the enthalpy of the stored fluid carbon dioxide 
can be from about 20 to 135 BTU/lb. In the event the subject apparatus is constructed of a resinous material 
such as, for example, high-impact polypropylene, we have found that the enthalpy can be from about 1 10 to 
135 BTU/lb. These values hold true regardless of the ratio of liquid and gas in the fluid carbon dioxide source. 

5 In operation, the fluid carbon dioxide exits the storage tank and proceeds through the connecting means 6 
to the receiving port 4 where it then enters the storage chamber 8. The fluid carbon dioxide then flows through 
the first orifice 10, the size of which may, optionally, be regulated by the presence of the needle valve 26. 

As the fluid carbon dioxide flows through the first orifice 10 and out the opening 24, it expands along a 
constant enthalpy line to about 80-100 psia as it enters the rearward section 30 of the coalescing chamber 14. 

10 As a result, a portion of the fluid carbon dioxide Is converted to fine droplets. It will be appreciated that the 
state of the fluid carbon dioxide feed will determine the degree of change that takes place In the first 
coalescing chamber 14, eg saturated gas or pure liquid carbon dioxide In the source container will undergo a 
proportionately greater change than liquid/gas mixtures. The equilibrium temperature In the rearward section 
30 is typically about -57° F and, if the source is room temperature liquid carbon dioxide, the carbon dioxide in 

15 the rearward section 30 is formed into a mixture typically comprising about 5O0/o of fine liquid droplets and 
about 50o/o carbon dioxide vapor. If the source is saturated gas at room temperature, then the mixture typically 
comprises about 11% fine liquid droplets and 89°/o vapor. Accordingly, a mixture can be formed with a 
composition between these two. 
The fine liquid droplet/gas mixture continues to flow through the coalescing chamber 14 from the rearward 

20 section 30 to the forward section 34. As a result of additional exposure to the pressure drop in the coalescing 
chamber 14, the fine liquid droplets coalesce Into larger liquid droplets. The larger liquid droplets/gas mixture 
forms Into a solid/gas mixture as it proceeds through the second orifice 16 and out of the exit port 20 of the 
ejection spout 18. 

Wails forming the ejection spout 18 and terminating at the exit port 20 are suitably tapered at an angle of 
25 divergence of about 4° to 8° , preferably about 6°. If the angle of divergence is too great (ie above about 15°), 
the intensity of the stream of solid/gas carbon dioxide will be reduced below that which is necessary to clean 
most substrates. 

The coalescing chamber 14 serves to coalesce the fine liquid droplets created at the rearward section 30 
thereof into larger liquid droplets in the forward section 34. The larger liquid droplets form minute, solid carbon 

30 dioxide particles as the carbon dioxide expands and exits toward the substrate at the exit port 20. In 
accordance with the present invention, the solid/gaseous carbon dioxide having the requisite enthalpy as 
described above, is subjected to desired pressure drops from the first orifice 10 through the coalescing 
chamber 14, the second orifice 16 and the ejection spout 16. 
Although the present embodiment incorporates two stages of expansion, those skilled In the art will 

35 recognize that nozzles having three or more stages of expansion may also be used. 

The apparatus of the present invention may, optionally, be equipped with a means for surrounding the solid • 
carbon dioxide/gas mixture as It contacts the substrate with a nitrogen gas envelop to thereby minimise 
condensation of the substrate surface. 
Referring to Figure 2, the apparatus previously described as shown in Figure 1 contains a nitrogen gas 

40 receiving port 40 which provides a pathway for the flow of nitrogen from a nitrogen source (not shown) to an 
annular channel 42 defined by walls 44. The annular channel 42 has an exit port 46 through which the nitrogen 
flows toward the substrate surrounding the solid/gas carbon dioxide mixture exiting at exit port 20. The 
nitrogen may be supplied to the annular channel 42 at a pressure sufficient to provide the user the needed 
sheath flow at ambient conditions. 

45 Figures 3, 4 and 5 illustrate additional embodiments of the present invention. The structure shown in 
Figures 3 and 4 has a flat configuration and produces a flat spray Ideal for cleaning flat surfaces in a single 
pass. This configuration is particularly suitable for surface cleaning silicon wafers during processing when 
conventional cleaning techniques utilized on unprocessed wafers cannot be used due to potential harmful 
effects on the structures being deposited on the wafer surface. The designations in Figures 3, 4 and 5 are the 

50 same as utilized in Figures 1 and 2. 

In Figure 3, the flat spray embodiment is illustrated in cross-sectional view, and the same device Is shown in 
top view in Figure 4. Fluid carbon dioxide from the storage tank (not shown) enters the apparatus via the 
connecting means 6 through the first orifice 10. The coalescing chamber consists of a rear portion 30 and a 
forward portion 34 which make up the coalescing chamber 14. A single coalescing chamber 14 having the 

55 same width as the exit port 20 will be adequate. However, the pressure of the device requires that there be 
mechanical support across the width of the coalescing chamber 14. Accordingly, a number of mechanical 
supports 48 are spaced across the coalescing chamber 14 as shown in Figure 4. The number of channels 
formed in the coalescing chamber 14 is solely dependent on thenumber of supports 48 required to stabilize an 
exit port 20 of a given width, it will be appreciated that the number and size of the resulting channels must be 

60 such as to not adversely effect the consistency and quality of the carbon dioxide being supplied to the inlet of 
the second orifice 16. 

The larger liquid droplets/gas mixture which forms In the forward section 34 of the coalescing chambers 
forms into a solid/gas mixture as it proceeds through the secondorifice 16 and out of the exit port 20, both of 
which have elongated openings to produce a flat, wide spray. The height of the openings in the second orifice 
65 16 is suitably from about 0.001 to about 0.005 inch. Although the height of the opening can be less, 0.001 inch 
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Is a practical limit since It is difficult to rrialntafrt & unfforrn elongated opening si 
In height. Conversely, the height of the second ortfloe 16 can be m8jd£gre&, 
produce Intense cleaning. However, at heights above a.Ote fobh, the aftouril ! dT< 
Improve cleaning Increases substantially. These alrnenslohs arj& jgiven as 




thaft 0.001 Ipch 
" which does 
reo^lreito. 
Since there Is 



*• V" 

r - 

I*:.*}-... 



I* 



fundamental limit to either the width of the height of the second orifice 16. the aj4j^^c3ver^rice of the exit 
port 20 Is slight, le from about 4° to 8°, preferably 6°. The apparatus shown fcj^ures 3 and 4 has been 
demonstrated to produce excellent cleaning of flat eutftoes,; eu#i as silicon :&8$r*;. 

The embodiment of the present Invention shown In Rg&e 5 Is Intended for Clbfnlnfl Of the Inside; of 1 
cylindrical structures. It Is typically mounted on the end of a I6ng fubular coivisk^ r^ 6 through wtitoh 
fluid carbon dioxide Is transported from a storage means (not shewn). In op^rpSoni the tfevloe shown In 
Figure 5 is Inserted Into the cylindrical structure to be cleaned/the flu** Oarb^p 

device slowly withdrawn from the structure sweeps the interior surface of th^oyflnpi^ structure and the;, 
vaporized carbon dioxide carries released surface particles along as It exits thtf¥^ l^jfr^ erf the advanojpg ; '''' 
Jet. i "v r ' : •'= ; . ; •'' \ ; -' ' : - * 

In the embodiment shown In Rgure 5, fluid carbon dioxide from a source . $ot shown enters the device 
through; connecting means 6. The fluid carbon dioxide enters the apparatus tfthiuflh the entry port 4 Into a! 
chamber 8. The chamber 8 Is connected via a first prlfloe ,10 to a rtozzfe 12. Trie ntoztfe 12 Includes port 6Q 
which lead to a coalescing chamber 14 and an exit port 20. fn the embotdtaient srtawn In Rgure 5, the exit port ] : 
20 and the second orifice 18 are combined. rl ;:*"!.'• 

In the apparatus shown In Rgure 5, there is no emergence of the combined sedbnti ortflce/exlt port 2a since 
the orifice Itself is divergent by nature due to its Increasing area with. InoreasA^jna^ of Indlnfriof B 

the second orifice/exit port 20 must be such that the carbon doxfde cappms Irp^e^rfeu^ to be deaned with :. 
sufficient force to carry dislodged partloles from, the surface qui & IfiB ijff^Mm'^ advance of . the 
umbrePa-shaped jet. On the other hand, the ano^banridt be too aoute so a©.to deter from the clearing, 
capacity of the Jet. In general, the second ortffee/sjjcjt port 20 Is? Irwffited frcmiitts;^^ by about 30° to dd°/ 
preferably about 45°, In the cleaning direction of the aftmratoe. — : ; 4 : 

Commercially pure carbon dioxide may be-a^ofi^rtabie for rrteny ap^0fcattona, for example, In the flel<J of 
optics. Including the cleaning of telescope mtrToni Por certain applNaatfc^rHowe^, ' ultrapure" carton 
dioxide ffe.9Wo or higher) may be required, tttselrili^c^nstoc^ tftt purtty Is to be imerpreteb yvtth reepect to 
undesirable compounds for a particular appnca*tor$For example, rfeerce^ptans rn% t*e on the Bet & Impurtttee ■' 
for a given application whereas nitrogen may be present. Appfioa^ons that require urtrapure oeAon cfloxjdf 
Include the cleaning of silicon wafers for semfconductcrtebrfc^rfe cftsc drtves, jfrtm circuit assembles and - 
compact discs. t -y ' ■ '"' = : :f •■■ :* 

For application requiring ultrapure carbon dioxjtje, it has been found tftfct usual nozzle materia #e 
unsatisfactory due to the generation of particulate ebriter^ steel may generate, 

particles of steel, and nickel coatetf braes may gef^e^tenWkel. y^^tfr^A^ undiMrlibie pe>tfbfe generatlojfi in ; 
the area of the orifices, the following materials are pmiferred: samphire, fusecT sllJoa, quarts tuftgeten carbWev 
and pofy(tetraf!uoroethylene). The subject notttes rr^ oonetsi ert|^ ^ have a 

coating thereof . W ' * " '■} 

The Invention can effectively remove particJee, hyo*0()arbbh fllrns, partk^l^rn^ oil and finger | 

prints. Applications Include, but are not limited to the Qle*iln^ctf ^ craft, 
semiconductor wafers, and equipment of contamiherrt-free mar^ilBdteuprkig ptiace^sei' Ti!,;:, * |;' 

While the present Invention hae*been particulaiiyiieecrlbed In ^nn^ df etpeomb e t nU»fcaifttrf }ty thereof , It Wtf 
be understood that numerous variations of the Invenilon aire wtffili^rwJ ikftl In the a4 WWon variations are yet 
With the Instant teachings. Accordingly, the present b^htotf te^ only by 

the scope and the spirit of tfte blalms appended hereto, /J** ".iti 

/■ ■ - - : v:"^."- ■ .-■ V ■ -'''• ■>: '■<■:. 

Example 1 ■ 'V;./j • * 

Apparatus In accordance with the present Invention was consulted as fotovws, A cyflnder of Grade 4 Akco 
carbon cfloxlde equipped for a Jlqufd wmwrfawBi- was eo^r^te&l|^L a . .^jt^Mngth'' wlrei reWorcad 
poVftetrafluorbethylene) flexible Hoeeto storage chamber rflf^jrlftiie t).Thej^ol1f^ 
storage chamber 8 and the coalescing chamber 14 was fitted vtftft a Arte mettii&^vfe^e^ (Nupro 

The nozzle 12 was constructed of 1/4 inch OD brn&bar stocft. The* coaleeo^G&^ber 14 had a diameter • 
of 1/16 inch measured two Inches from the operrlng"fe4 to the s^eond <Mti^ 16>^ of 0^ Inch and 

an Internal diameter of 0.031 inch. The ejection spout tfiwas tapereU eitk e 6 an^fe b^^Btgence frorti the end 
of the second orifice 16 to the exit port 20 thrbu^i a ; length :<rf spoilt 

Test surfaces were prepared using two Inch elameter slHcon wafeVs purpoe^|boii^ with a spray of 
poweered zinc containing material (Sytvanla matettef #2284) aXtspended tn 0^ ateonol. the wafers were 
: then sprayed 'with Fredn from- ah aereeot oon^tttilnBir. " 1^ ? r V 

In preparing to clean the above-described substrate In accordance with ti f^ ^e eerrt Inven^or^ the Nupro 
valve 28 was adjusted to give a carbon dioxide #ow rate of aSpircMrnately -Q^^M • : TTHb» nozzle 12 was 
operated for about five seconds to get the proper ffew of oarfion dfoxtde partlbte atid ^enVosltfonecl about 
1 1/2 Niches from the substrate at about a 75° angle wth fe^etei fb the e^Satrite surface. 

aeanlng was dons by moving the nozzle manually from <m# aide to tfb o<her elds of thew wafer, the 
cleaning process was momentarily discontinued at the first slgn;*if moisture con<|Bnalnq on tfie wafer aurfaoe. 
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Ultraviolet light was used to locate grossly contaminated areas that were missed In the Initial cleaning run. 
These areas were then cleaned as described above. 

The resulting cleaned wafer was viewed under an electron microscope to automatically detect selected 
particulates containing zinc. The results are shown in Table 1. 



•Table 1 



Particle Size % Particles Removed 



1.0 micron 99.9 + % 

0.1 to 1.0 micron 99.5 % 



Claims 



1 . Apparatus for removing small particles from a substrate comprising : 

(a) a source of fluid carbon dioxide under pressure and having an enthalpy of below about 135 BTU 
per pound based on an enthalpy of zero of 150 psia for a saturated liquid, so that at solid fraction will 
form upon expansion of the fluid carbon dioxide to the ambient pressure of said substrate; 

(b) a first expansion means (10) for expanding a portion of the fluid carbon dioxide obtained from 
the source into a first mixture containing gaseous carbon dioxide and fine droplets of liquid carbon 
dioxide; 

(c) a coalescing means (14) operatively communicating with the first expansion means (10) for 
converting said first mixture into a second mixture containing gaseous carbon dioxide and larger 
liquid droplets of carbon dioxide ; 

(d) a second expansion means (16) operatively communicating with the coalescing means (14) for 
converting said mixture into a third mixture containing solid particles of carbon dioxide and gaseous 
carbon dioxide; 

(e) means (20) communicating with said second expansion means for directing said third mixture 
toward the substrate. 

2. Apparatus according to Claim 1 , further comprising means (44) for directing a stream of nitrogen gas 
toward said substrate, said stream surrounding said third mixture as the third mixture contacts the 
substrate. 

3. Apparatus according to Claim 1 or Claim 2, further comprising means for controlling the rate of flow 
of fluid carbon dioxide into the first expansion means. 

4. Apparatus according to any preceding claim, wherein the first expansion means (10) comprises a 
first orifice (10) having a first opening In communication with the source of fluid carbon dioxide and a 
second opening leading to said coalescing means (14), said coalescing means (14) comprising a 
coalescing chamber (14) having a rearward section (30) in communication with said second opening, said 
rearward section (30) having a cross-sectional area greater than the cross-sectional area of the first 
orifice (10) thereby to enable the fluid carbon dioxide flowing through the first orifice (10) to undergo a 
reduction of pressure as the fluid carbon dioxide enters the rearward section (30) of the coalescing 
chamber (14) thereby to form said first mixture. 

5. Apparatus according to Claim 4, wherein the coalescing chamber (14) further comprises a forward 
section (34) adjacent said rearward section (30) and having an opening leading to a second orifice (16) 
wherein the first mixture undergoes coalescing of the fine drops into larger drops of liquid carbon dioxide 
as it passes from said rearward section (30) to said forward section (34) thereby to form said second 
mixture. 

6. Apparatus according to Claim 5, wherein the second expansion means (16) comprises said second 
orifice (16) having an opening at one end leading to the forward section (34) of the coalescing chamber 
(14) and another end opening into said third mixture directing means (20), said second orifice (16) having 
a cross-sectional area less than the cross-sectional area of the forward section (34) of the coalescing 
chamber (14). 

7. Apparatus according to Claim 6, wherein the means (20) for directing said third mixture comprises a 
divergently tapered channel (20) communicating at one end with the second orifice (10) and having an exit 
port through which, in use the third mixture exits and contacts the substrate. 
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8. Apparatus according to Claim 7, wherein te divergently tapered charing has an angle ol divergence 

Of Up to 15°. ; j 

9. Apparatus according to any one of CfaJms 4 to 8, wherein the forweiii teqtion of said coalescing 
means and said directing means have elongated openings, thereby prochjorajj ft 'Wife flat^pray. 

10. Apparatus according to Claim 1 or 2, where*! the second expansioin nTeeiie arid the means ij2Q) ' 
for directing the third mixture toward the substrate are combined In the forrii of a passage which 
communicates with a chamber (14) defining said coalesolrig means (14) and a* : tt$%Jhjfrr end has an exrt" 
port through which In use the third mixture exfts and cwto^ the substrate, 'I " : 

1 1 . A method for removlng.partlcles from a substrate surface comprising: X; :^ 

(a) Converttng fluid carbon dioxide Into afhnst mixture of fine droplets Ik?^d oarjbon dioxide aw 1 
gaseous carbon dioxide; . ,< Si- * i : 

(b) converting said first mixture Into a second mixture cxintalifOr^ jj^er droptete of liquid carbon : 
dioxide arid gaseous carbon dioxide; 

(c) converting aaJd secnd mixture Into a third mixture containing sofld carbon dloKfcfo particles and 
gaseous carbon dioxide; and ■/ , L 

(d) directing said third mixture toward the substrate whereby safd third mixture removes eakf ' 
particles from the substrate. ? ; 

12. A method according to Claim 1 1 , wherein said fluid carbon dqsx{de te ttqjild oan>on dhMdde. 

13. A method according to Claim 11 or 12, further comprising storing thef fluid carbon dioxide at a 
pressure of about 300 to 1000 psla. •' 

14. A method according to any one of Claims 11 to 13. wherein step (ardomprtees expanding the fluid 
carbon dioxide along a constant enthalpy ine to about 80 to 100 psla. 

15. A method according to any one of Claims 1 1 to 14, wherein the first mixture comprises from 11 to 
50% of fine liquid droplets and from 89 to 50% of carbon dioxide vapor. . ^ . ' 
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